INTRODUCTION {#SEC1}
============

In addition to the canonical nucleobases, RNA molecules are capable of hosting a variety of chemically diverse modifications. Over 100 naturally occurring post-transcriptional modifications have been identified so far (reviewed and discussed in ([@B1],[@B2]) and catalogued in The RNA Modification Database ([@B3])). The most extensive chemical diversity is seen in transfer RNA, while ribosomal RNA, noncoding RNA and viral RNA genomes also contain a substantial number of modifications. Messenger RNA from a variety of organisms, including eukaryotes, contains internal modifications such as *N^6^*-methyladenosine (m^6^A), 5-methylcytidine (m^5^C), pseudouridine (Ψ), 5-hydroxymethylcytidine (hm^5^C) and inosine (I) ([@B4]). Modifications can alter gene expression or mRNA stability, and were found to be conserved, regulated, and implicated in various cellular, developmental and disease processes ([@B5]). Modified RNA bases also reduce the immunogenicity of therapeutic RNA ([@B6]). Next-generation sequencing technologies have advanced the study of RNA modifications and enabled transcriptome-wide mapping of modified bases at single-base resolution ([@B7]). However, in spite of the vast chemical diversity, biological significance and therapeutic potential, little is known about the accuracy of incorporation or reverse transcription of modified RNA bases.

Various methods have been used to study the accuracy of RNA polymerases and reverse transcriptases, including cell-based phenotypic assays, enzyme kinetics, Sanger sequencing, and next-generation sequencing ([@B14]). Next-generation sequencing, especially methods and technologies that enable accurate sequencing of individual molecules, is especially useful for measuring rare replication errors in large sequencing data sets. However, measuring replication errors in RNA presents its own challenges, requiring conversion of RNA to DNA by reverse transcriptases, as current high-accuracy next-generation sequencing technologies only sequence DNA templates. Thus, for most fidelity assays, the measured error rate is typically the combined error rate of both the RNA polymerase and reverse transcriptase used to create the DNA library to be interrogated. In an elegant solution, Gout and colleagues were able to address this problem by tagging individual RNA transcripts with molecular indexes and reverse transcribing multiple copies of each transcript prior to Illumina sequencing, thus separately detecting *in vivo* transcription errors and errors arising from reverse transcription or library preparation ([@B24]). A similar barcoding strategy using rolling-circle reverse transcription, was recently used to study transcriptional mutagenesis in yeast ([@B25],[@B26]). Although multiple studies have examined transcription errors and reverse transcriptase fidelity, only a few have examined the effect of base modification ([@B27]), and consequently, how RNA modifications affect RNA sequencing data.

In the present study, we developed an assay based on Pacific Biosciences Single Molecule Real-Time (SMRT) sequencing to measure the fidelity of transcription and reverse transcription of modified and unmodified RNA. T7 RNA polymerase synthesized RNA from nucleotide pools containing *N*^6^-methyladenosine (m^6^A), pseudouridine (Ψ), 5-methylcytidine (m^5^C), 5-methyluridine (m^5^U, or ribonucleoside thymidine) and 5-hydroxymethyluridine (hm^5^U) triphosphates. After synthesis of modified RNA, first and second strand reverse transcriptase error rates were measured by SMRT sequencing. SMRT sequencing can be used to generate very accurate sequencing data with a low background rate of substitution errors ([@B30]). True replication errors can be distinguished from sequencing errors by circular consensus sequencing, in which each individual circular template molecule is read multiple times. By comparing the cDNA strand to the reference sequence, we identified errors cumulatively made by T7 RNA polymerase and reverse transcriptase. Furthermore, because both strands are sequenced together, we were able to uniquely isolate mistakes made by the reverse transcriptase during synthesis of the second strand. We also compared the error rates of viral reverse transcriptases and *Bst* DNA polymerase variants with reverse transcriptase activity. In addition to analyzing the frequency and type of errors introduced during first and second strand synthesis, we also analyzed the sequence context around substitution events and how base modifications affected the turnover rate of reverse transcriptases.

MATERIALS AND METHODS {#SEC2}
=====================

All reagents are from New England Biolabs, unless otherwise stated. All oligonucleotides were synthesized by Integrated DNA Technologies.

*In-vitro* transcription {#SEC2-1}
------------------------

Artificial sequences DNA-1 and DNA-2 (described in ([@B30])), and DNA-3 and DNA-4 (detailed in the [Supplementary Data](#sup1){ref-type="supplementary-material"}), were cloned into a T7 vector, and linearized with HpaI (20 μg plasmid, 100 U HpaI, 1× ThermoPol Buffer in 1 ml total volume for 1 h at 37°C), then treated with PreCR (additional 20 μl PreCR Repair Mix, and a final concentration of 0.1 mM each dNTP, 0.5 mM NAD^+^ and 1× ThermoPol Buffer were added to the HpaI digest for total volume of 1.1 ml, and incubated for 30 min at 37°C). Transcription templates were cleaned using a Zymo DNA Clean & Concentrator-25 kit (Zymo Research). 5 μg linearized and repaired plasmids were transcribed using the HiScribe T7 High Yield RNA Synthesis kit (\#E2040) and the Standard RNA Synthesis protocol in a total volume of 100 μl for 2 h at 37°C. For unmodified RNA, 10 mM each ATP, UTP, GTP and CTP were used. For modified RNA synthesis, the equivalent unmodified nucleoside triphosphate was replaced with 10 mM *N*^6^-methyladenosine-5′-triphosphate (\#N-1013, all nucleoside triphosphates purchased from TriLink Biotechnologies), pseudouridine-5′-triphosphate (\#N-1019), 5-methylcytidine-5′-triphosphate (\#N-1014), 5-methyluridine-5′-triphosphate (\#N-1024) or 5-hydroxymethyluridine-5′-triphosphate (\#N-1086). After transcription, 4 U DNase I was added and incubated for 30 min at 37°C and RNA was purified using a MEGAclear Transcription Clean-Up Kit (ThermoFisher Scientific). RNA quantity and quality were assessed by running transcription products on a Bioanalyzer using a RNA 6000 Nano kit (Agilent Genomics) and a Novex 6% TBE--urea gel stained with 1× SYBR Gold Nucleic Acid Gel Stain (both from ThermoFisher Scientific). Incorporation efficiency of modified nucleoside triphosphates were determined by LC--MS or LC--MS/MS and found to be: 102% (m^6^A), 99% (Ψ), 95% (m^5^C), 104% (m^5^U) and 92% (hm^5^U) relative to guanosine ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

cDNA (first strand) synthesis and second strand synthesis {#SEC2-2}
---------------------------------------------------------

cDNA synthesis and the second strand synthesis were performed using the ProtoScript II First Strand cDNA Synthesis Kit (\#E6560) with 10 μg RNA, 0.5 μM reverse primer, 1× ProtoScript II Reaction Mix and 1× ProtoScript II Enzyme Mix in 100 μl total reaction volume. Reactions were incubated for 1 h at 42°C. After cDNA synthesis, 20 U RNase H was added to the reaction and incubated for 1 h at 37°C. Single-stranded cDNA was purified using a Zymo DNA Clean & Concentrator-25 kit (Zymo Research) according to the manufacturer\'s protocol for purifying single-stranded DNA and with an elution volume of 44 μl. Second strand synthesis reactions (100 μl) contained: 40 μl purified cDNA, 5 μM forward primer, 1× ProtoScript II Reaction Mix and 1× ProtoScript II Enzyme Mix and incubated at 42°C for 1 h. Alternatively, cDNA and second strand synthesis were performed with M-MuLV Reverse Transcriptase (2.5 μg or 50 U) and 1× M-MuLV Reverse Transcriptase Reaction Buffer, or AMV Reverse Transcriptase (50 U) and 1× AMV Reverse Transcriptase Buffer. Synthesis products were purified with another Zymo column.

PacBio SMRTbell library preparation and sequencing {#SEC2-3}
--------------------------------------------------

Double-stranded DNA products were digested with 30 U BssSαI and 20 U DpnI in 1× CutSmart Buffer (100 μl total volume) for 1 h at 37°C and cleaned using a Zymo column. Digest products were ligated to 300 pmol SMRTbell adaptors with compatible BssSαI overhangs (/5Phos/TCGTATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTGTTGAGAGAGAT-3′) with 800 U T4 DNA Ligase in 1× T4 DNA Ligase Reaction Buffer (50 μl total reaction volume) at room temperature for 30 min, followed by heat inactivation for 10 min at 65°C. Then, 50 U Exonuclease III (*Escherichia coli*) and 5 U Exonuclease VII were added to the reaction and incubated at 37°C for 1 h. SMRTbell libraries were cleaned using a Zymo column, then additionally size selected with AMPure PB beads (Pacific Biosciences) using 1× volume (500 bp libraries) or 0.6× volume (1 kb libraries). Pacific Biosciences Binding Calculator was used to generate a protocol for annealing sequencing primers and polymerase binding using the DNA/Polymerase Binding Kit P6 v2 (Pacific Biosciences) and default settings. DNA-1 and DNA-2 samples sequenced using the MagBead OCPW protocol (with 6 h movies) and DNA-3 and DNA-4 samples using the Standard protocol (diffusion loading with 5 h movies).

Computational methods for determining error rates {#SEC2-4}
-------------------------------------------------

High-accuracy consensus sequences were determined for the first and second strand for each sequenced double-stranded DNA as described in Potapov and Ong ([@B30]). The resulting high accuracy consensus sequences were mapped to the reference sequence using the BWA-MEM algorithm ([@B31]), and base substitutions, deletions, and insertions were determined along with the corresponding quality values. The following filtering steps were used to ensure the quality of consensus sequences: at least 15 passes were required for a consensus read to be considered for further analysis, and only individual base substitutions, deletions and insertions with high quality scores (QUAL = 93) were analyzed. The primer sites (40 bases) were excluded from error rate calculations. Additionally, to avoid potential sequencing and alignment artifacts, aligned reads were filtered for mapping quality (≥60), and alignments were required to span the entire reference sequence (starting within the 5′-primer region and ending in the 3′-primer region). Chimeric reads that mapped to more than one region in the reference sequence, as determined by BWA, or consensus reads with lengths deviating by more than 50 bases from the expected read length, were discarded.

Error rates were derived as follows: first strand errors were determined by comparing cDNA to the reference sequence (RNA strand), and mutations were required to be present in both cDNA and the second-strand DNA (Figure [1](#F1){ref-type="fig"}). For second strand synthesis, errors were determined by comparing the second-strand to the first-strand DNA, and mutations were required to be present in the second strand but not in the first strand. The substitution, deletion and insertion error rates were calculated by dividing the respective number of mutations by the total number of bases for each sample. Deletions and insertions spanning multiple consecutive bases were counted as a single event as described in the results section. The average error and standard deviation were then calculated for each template and enzyme.

![Measuring combined transcription and reverse transcription fidelity with PacBio sequencing. (**A**) Workflow. DNA templates are transcribed by T7 RNA polymerase with unmodified and modified NTPs to produce RNA. RNA is replicated by a reverse transcriptase to produce cDNA, then the first strand is replicated by the same reverse transcriptase to produce double-stranded DNA, which is then prepared for sequencing by ligating SMRTbell adaptors. (**B**) Identical first strand errors can arise by misincorporation from either the RNA polymerase or the reverse transcriptase (error types 1 and 2 in the figure, respectively). Only first strand errors confirmed in the second strand are counted. Second strand errors produce a mismatch between the first and second strand and represent misincorporation by the reverse transcriptase on DNA templates (error type 3 in the figure). (**C**) Substitution errors arising from misincorporation events. The first base is the expected, while the second is the observed base.](gky341fig1){#F1}

For comparing polymerase error rates and to estimate the statistical significance of observed differences, multiple measurements obtained on different templates (DNA-1, DNA-2, DNA-3 and DNA-4 and their modified version, where applicable) were compared using t-test at a significance value α = 0.05. When multiple comparisons were done, Bonferroni correction was applied to adjust the significance level according to the number of comparisons.

Reverse transcriptase activity assay {#SEC2-5}
------------------------------------

Transcription templates were prepared by amplifying a DNA oligo containing a T7 promoter (5′-AATTAATACGACTCACTATAGAAGTATTTCTCCTCGCTGACTGAGATCGGAAGAGCACACGTCT-3′) with forward (5′-AATTAATACGACTCACTATAG-3′) and back (5′-AGACGTGTGCTCTTCCGATCT-3′) primers using Q5 High-Fidelity 2X Master Mix. PCR products were treated with Exonuclease III (*E. coli*) to degrade excess primers, cleaned using an Oligo DNA Clean & Concentrator (Zymo Research), and transcribed using the HiScribe T7 High Yield RNA Synthesis kit (20 μl total volume). After transcription, DNA was degraded by adding 4 U DNase I, 10 μl 10× DNase I Reaction Buffer in a 100 μl total volume and incubating for 30 min at 37°C. Transcription products were purified using a Zymo RNA Clean & Concentrator kit. Reverse transcriptase assays were performed by mixing 10 μl of enzyme mix (preheated for 1 min at 42°C) containing 0.026--0.26 pmol of reverse transcriptase, 1 mM each dNTP, 1× Reaction Buffer) and 10 μl of preheated substrate mix (1× Reaction buffer, 1 pmol RNA, 0.5 pmol FAM-labeled back primer (5′-/56-FAM/AGACGTGTGCTCTTCCGATCT-3′) and incubating at 42°C for 2 min. Reactions were quenched with 20 μl 20 mM EDTA, and analyzed using a 3730xl Genetic Analyzer (Applied Biosystems) and PeakScanner software as described in Greenough *et al*. ([@B32]).

RESULTS {#SEC3}
=======

Incorporation and reverse transcription of modified ribonucleotides {#SEC3-1}
-------------------------------------------------------------------

To address how modified bases affect polymerase fidelity, PacBio single-molecule sequencing was used to sequence double-stranded DNA synthesized from the reverse transcription of RNA and modified RNA (Figure [1](#F1){ref-type="fig"}). RNA templates were transcribed *in vitro* by T7 RNA polymerase. For modification studies, base-modified nucleotide triphosphates were incorporated in place of the equivalent unmodified base, producing RNA in which equivalent positions were replaced by the modified base (i.e. all adenosine substituted by *N*^6^-methyladenosine). Base composition analysis by LC--MS determined that the modified nucleotides were efficiently incorporated ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). However, compared to unmodified bases, the yield of full-length transcription products generally decreased with modified nucleotides ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). After transcription, the modified (or unmodified) RNA was reverse transcribed by either a reverse transcriptase (M-MuLV, AMV or ProtoScript II) or a DNA polymerase (*Bst* 2.0 or 3.0) to produce the first strand (cDNA). A second strand was synthesized by the same reverse transcriptase or DNA polymerase to produce double-stranded DNA, which was then sequenced. For analyzing cDNA errors, sequenced bases were compared to the reference to identify first strand errors, and only errors that were also confirmed in the second strand were counted. An error in the first strand can either be generated during transcription or reverse transcription, and first strand synthesis errors represent the cumulative errors of both T7 RNA polymerase and the reverse transcriptase. For example, if the expected RNA base was an A, but a C was observed in the cDNA, these substitutions would be classified as rA→rG/dT→dC, where the first pair represents the equivalent RNA polymerase error and the second pair represents the equivalent reverse transcriptase error that could have generated this substitution event (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). However, errors uniquely arising in the second strand (i.e. producing mismatches between the first and second strand) can only be generated by the reverse transcriptase and were used to identify reverse transcriptase-specific errors on DNA templates. For comparing error rates, statistical analysis was performed as described in the methods.

When replicating unmodified RNA, all tested reverse transcriptases and DNA polymerases had first strand error rates ranging from 5.6 × 10^−5^ to 1.8 × 10^−4^ errors/base but the observed differences between the total error rates or the fraction of substitutions, insertions and deletions were not found to be statistically significant (Table [1](#tbl1){ref-type="table"}). However, there was a statistically significant difference in the mutational spectrum of reverse transcriptases, with AMV reverse transcriptase displaying a higher preference for dA→dG substitutions over ProtoScript II and M-MuLV reverse transcriptases (Figure [2](#F2){ref-type="fig"}).

![First strand (cDNA) synthesis error rates and error spectrum for unmodified and modified RNA. The RNA template is synthesized by T7 RNA polymerase, and then reverse transcribed by the reverse transcriptases shown in the figure. For comparison, also shown are the first strand error rate of *Bst* 2.0 and 3.0 DNA polymerases, DNA polymerases which can be used to reverse transcribe RNA. Polymerase substitution errors are written as the equivalent RNA polymerase substitution (top substitution; RNAP in the figure) or reverse transcriptase substitution (bottom substitution; RT in the figure).](gky341fig2){#F2}

###### Total error rates for cDNA strand synthesis of unmodified and modified RNA

                                                                             Percentage of total errors             
  -------------------------------------------------------------- ----------- ---------------------------- ---- ---- ------------
  *ProtoScript II Reverse Transcriptase and T7 RNA Polymerase*                                                      
  RNA                                                            56 ± 8      71                           19   10   30 868 961
  m^6^A                                                          152 ± 8     80                           11   8    28 415 824
  Ψ                                                              101 ± 21    90                           7    3    25 635 026
  m^5^C                                                          70 ± 4      82                           12   6    25 784 603
  m^5^U                                                          54 ± 2      81                           15   4    21 592 512
  hm^5^U                                                         188 ± 24    87                           9    5    22 092 010
  *M-MuLV Reverse Transcriptase and T7 RNA Polymerase*                                                              
  RNA                                                            63 ± 12     78                           11   11   16 815 378
  m^6^A                                                          149 ± 21    86                           9    5    12 383 644
  Ψ                                                              114 ± 23    89                           6    6    13 685 654
  m^5^C                                                          81 ± 18     86                           9    5    18 210 833
  m^5^U                                                          65 ± 12     87                           9    4    16 914 452
  hm^5^U                                                         185 ± 23    90                           6    4    14 642 238
  *AMV Reverse Transcriptase and T7 RNA Polymerase*                                                                 
  RNA                                                            75 ± 11     87                           5    8    11 143 144
  m^6^A                                                          164 ± 11    89                           5    6    11 313 430
  Ψ                                                              116 ± 22    94                           4    3    14 114 144
  m^5^C                                                          81 ± 2      92                           3    5    12 111 226
  m^5^U                                                          73 ± 5      91                           5    3    9 918 107
  hm^5^U                                                         192 ± 8     91                           5    4    14 633 922
  *Bst 2.0 DNA Polymerase and T7 RNA Polymerase*                                                                    
  RNA                                                            179 ± 105   78                           16   6    10 640 212
  *Bst 3.0 DNA Polymerase and T7 RNA Polymerase*                                                                    
  RNA                                                            181 ± 102   82                           15   4    13 459 274

Error rates for reverse transcription of RNA and modified RNA. First strand error rates are the combined error rates of T7 RNA polymerase and the reverse transcriptase described in the table. Total first strand error rates are an average of 4 different amplicons, with standard deviation reported between experiments. Distribution of substitution, deletion and insertion percentages of the total error rates are also shown.

The presence of modified nucleotides had differing effects on first strand errors. Pseudouridine (Ψ), hm^5^U and m^6^A had a statistically significant increase in the total first strand error rate compared to unmodified RNA, while m^5^C and m^5^U did not for all reverse transcriptases (Figure [2](#F2){ref-type="fig"}). To further study the effect of base modification on fidelity, first strand errors were normalized to unmodified RNA bases and Figure [3](#F3){ref-type="fig"}, [Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"} show the relative fold increase or decrease in error rates for each modification normalized to the unmodified base. For instance, *N*^6^-methyladenosine showed a 2- to 7-fold increase in the substitution events at adenosines (rA→rC/dT→dG, rA→rU/dT→dA, and rA→rG /dT→dC) indicating that *N*^6^-methyladenosine was more mutagenic than adenosine, by either increasing the mutation rate of reverse transcription or causing RNA polymerase misincorporation across dT. The increase in substitution events at adenosine positions was statistically significant for ProtoScript II and AMV reverse transcriptases. However, m^6^ATP was not misincorporated across other bases by T7 RNA polymerase, as there was no significant difference in substitution errors involving the incorporation of m^6^ATP (rU→rA, rC→rA, or rG→rA).

![First strand error rates of modified RNA normalized to regular RNA (ProtoScript II reverse transcriptase). Relative substitution rates of each error type for each modification were normalized to regular RNA, for ProtoScript II reverse transcriptase (with T7 RNA polymerase). Relative fold change was calculated for each substitution type as (M -- S)/S, where M is the substitution rate on RNA containing modified bases, and S is the substitution rate on unmodified RNA. A relative fold change of 0 represents no change in fidelity compared to unmodified RNA, whereas the numerical values represent the fold-change relative to unmodified RNA. For each non-reference error identified during cDNA synthesis, the equivalent RNA polymerase substitution (top pair) and reverse transcriptase substitution (bottom pair) that could generate the corresponding first strand error are identified.](gky341fig3){#F3}

Of the uracil modifications tested, hm^5^U displayed the largest effect on first strand synthesis fidelity, by statistically significantly increasing substitutions at hm^5^U RNA reference positions by up to 21-fold (for dA→dT substitutions with ProtoScript II, Figure [3](#F3){ref-type="fig"}). These types of substitutions could be the result of either misincorporation by the reverse transcriptase across hm^5^U (resulting in dA→dT, dA→dG or dA→dC in DNA), or the RNA polymerase inserting the wrong nucleotide in place of hm^5^UTP (resulting in rU→rA, rU→rC or rU→rG substitutions in the RNA strand). In contrast, there was no statistically significant difference in errors involving RNA polymerase misincorporation of hm^5^UTP across non-complementary template bases (rA→rU, rC→rU, rG→rU for M-MuLV and AMV reverse transcriptases and rC→rU and rG→rU for ProtoScript II), indicating that when hm^5^UTP was incorporated into RNA, it was paired with template adenosine as frequently as UTP. Compared to hm^5^U, a smaller modification at the C5 position (m^5^U) also did not alter the fidelity of T7 RNA polymerase or reverse transcriptase, as almost all substitutions for m^5^U-substituted RNA showed no statistically significant difference between modified and unmodified uracil (the exceptions were rA→rU for M-MuLV and AMV reverse transcriptases). Base composition analysis of the RNA templates ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) showed the presence of uridine, likely due to UTP contamination of the synthetic nucleoside triphosphates, in both hm^5^U- (4%) and m^5^U- (11%) containing RNA samples. While this had little effect on the error rate for m^5^U-substituted RNA, it likely led to an underestimation of the overall misincorporation levels measured across hm^5^U.

Pseudouridine (Ψ) is an isomer of uridine where the base is attached by a carbon-carbon bond at the C5 position. Pseudouridine was misincorporated across thymidine by T7 RNA polymerase during transcription: rA→rU substitutions were increased 7- to 12-fold compared to unmodified RNA, while other substitutions (rG→rU or rC→rU) were unaffected (Figure [3](#F3){ref-type="fig"}, [Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}). There was a statistically significant difference between rA→rU error rate in pseudouridine-containing RNA when compared to respective error rates in unmodified RNA, and the difference was significant for all three reverse transcriptases (ProtoScript II, M-MuLV and AMV). Substitutions involving reverse transcription of template pseudouridine did not display a statistically significant difference when compared to uridine-containing RNA, indicating that pseudouridine was accurately replicated by M-MuLV, ProtoScript II and AMV reverse transcriptases.

Sequence context analysis of first strand errors {#SEC3-2}
------------------------------------------------

To determine if replication errors were enriched in particular sequence contexts, the identity and frequency of the bases surrounding all first strand errors were analyzed. The artificial sequences used in the present study contained all possible 4-base combinations, ensuring an equimolar distribution of bases. However, for modified RNA bases, certain sequence contexts were enriched for substitution errors. For example, for pseudouridine, which mispairs with dT during transcription by T7 RNA polymerase, rA→rΨ substitutions were preferentially preceded by incorporation of CTP, a bias that is not seen with unmodified rA→rU substitutions (Figure [4](#F4){ref-type="fig"}). In Figure [4](#F4){ref-type="fig"}, a sequence logo represents the proportion of each base on either side of misincorporation events, written with respect to the synthesized RNA strand. A total of 1,707 rA→rΨ and 153 rA→rU substitution events were analyzed ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

![Sequence context analysis of first strand errors. (**A**) Sequence logos represent the identity of the bases surrounding each type of misincorporation, with respect to the reference RNA, (**B**) for pseudouridine-containing and unmodified RNA. In each logo, bases are ordered most frequently (top) to least frequently (bottom) observed. In this example, T7 RNA polymerase was used to generate the RNA template, and ProtoScript II reverse transcriptase was used for reverse transcription. A total of 1707 and 153 detected rA→rΨ and rA→rU substitutions, respectively, were analyzed ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).](gky341fig4){#F4}

Second strand synthesis error rates identify reverse transcriptase-specific error {#SEC3-3}
---------------------------------------------------------------------------------

Second strand errors reflect the isolated error rate of the reverse transcriptase on DNA templates and were identified by a mispair between the template base (first strand) and the incorporated base (second strand) (Figure [1](#F1){ref-type="fig"}). The total second strand error rates for M-MuLV, ProtoScript II and AMV reverse transcriptases, and *Bst* 2.0 and 3.0 DNA polymerases, were measured (Table [2](#tbl2){ref-type="table"}), along with each polymerase mutational spectrum (Figure [5](#F5){ref-type="fig"}). The differences in error rates for M-MuLV, ProtoScript II and AMV reverse transcriptases were statistically significant. For all three reverse transcriptases and the *Bst* variants, the majority (approximately 70%) of all errors were at either adenosine or thymidine template bases, with the largest error class resulting from dA→dG substitutions. AMV reverse transcriptase had a statistically significant increase in dA→dG substitutions compared to M-MuLV and ProtoScript II reverse transcriptases. For isolated reverse transcriptase second strand errors, analysis of the bases surrounding substitution events indicated no discernible bias ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

![Normalized mutational spectrum of second strand error rates for reverse transcriptases or *Bst* DNA polymerases replicating DNA templates. Polymerase substitutions are written as (expected base) → (observed base).](gky341fig5){#F5}

###### Total error rates for second strand synthesis

  DNA polymerase                         Total error rate (errors/base × 10^−6^)   Substitution   Deletion   Insertion   Total sequenced bases
  -------------------------------------- ----------------------------------------- -------------- ---------- ----------- -----------------------
  ProtoScript II Reverse Transcriptase   62 ± 9                                    91%            6%         3%          154 391 090
  M-MuLV Reverse Transcriptase           84 ± 19                                   92%            6%         3%          92 653 417
  AMV Reverse Transcriptase              52 ± 4                                    93%            5%         2%          73 234 756
  *Bst* 2.0 DNA Polymerase               62 ± 5                                    92%            7%         1%          10 640 457
  *Bst* 3.0 DNA Polymerase               70 ± 23                                   89%            8%         3%          13 459 487

Insertions and deletions {#SEC3-4}
------------------------

In addition to substitutions, insertion and deletion errors were also identified. Compared to the rate of base substitution, indels were relatively rare, representing \<20% of the total errors by a particular polymerase (Table [1](#tbl1){ref-type="table"}). Examining the length of observed deletions and insertions indicated that majority of them were 1 or 2 bases in length (Tables [3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}). One notable exception was observed during first strand synthesis of the template DNA-2, where a triplet insertion (GCT) was observed at position 219, sometimes as frequently as single base insertions (Figure [6](#F6){ref-type="fig"}). Notably, triplet insertions, but not deletions, were frequently observed. The triplet insertion occurred in a sequence context of GCT repeats and indicated polymerase slippage during replication of repetitive elements. Also, triplet insertions at position 219 were observed in first strand synthesis but not in second strand synthesis, indicating that the insertions were produced during first strand synthesis but faithfully replicated during second strand synthesis. Further examination of the positional distribution of insertions, deletions and substitutions in the first strand indicated that there were reference positions where errors were observed more frequently. For each error type (substitution, deletion and insertion), reference positions were ranked by error frequency, and the top three positions for each type were examined. These hotspot positions were almost invariably located in homopolymer, repetitive or structured regions. [Supplementary Figure S6](#sup1){ref-type="supplementary-material"} provides the positional error maps for a few representative examples. Similar to first strand errors, second strand errors also had positional hot spots related to homopolymer and repetitive regions, however, the positions with frequently observed errors were largely different between the first and second strands.

![Notable 3-base insertion observed at position 219 in the reference sequence DNA-2. The first- and second-strand reads (mapped to the reference sequence, top) show a 3-base GCT insertion after a run of GCT repeats. Arrows indicate the direction of the original strand.](gky341fig6){#F6}

###### Size distribution of deletions and insertions for first strand synthesis

                                                  Deletion size (nt) (%)   Insertion size (nt) (%)                          
  -------------------------------------- -------- ------------------------ ------------------------- --- ---- ---- --- ---- ----
  ProtoScript II Reverse Transcriptase   RNA      56                       28                        2   14   45   5   42   8
                                         m^6^A    56                       39                        3   2    51   1   41   8
                                         Ψ        67                       21                        2   10   55   5   35   5
                                         m^5^C    40                       27                        2   31   69   5   23   3
                                         m^5^U    44                       28                        3   26   67   9   15   9
                                         hm^5^U   71                       17                        1   11   50   3   43   3
                                                                                                                            
  M-MuLV Reverse Transcriptase           RNA      49                       38                        5   9    42   5   50   3
                                         m^6^A    55                       39                        3   3    74   2   21   2
                                         Ψ        63                       27                        2   8    44   2   48   5
                                         m^5^C    52                       26                        1   21   58   1   36   4
                                         m^5^U    72                       13                        2   14   86   0   11   3
                                         hm^5^U   78                       15                        1   5    33   2   58   6
                                                                                                                            
  AMV Reverse Transcriptase              RNA      77                       17                        0   6    68   5   23   4
                                         m^6^A    81                       15                        2   2    58   2   31   9
                                         Ψ        69                       23                        4   4    68   5   24   3
                                         m^5^C    87                       10                        3   0    90   2   6    2
                                         m^5^U    82                       18                        0   0    88   0   8    4
                                         hm^5^U   87                       10                        1   1    33   4   59   4
                                                                                                                            
  *Bst* 2.0 DNA Polymerase               RNA      56                       26                        9   9    53   6   34   7
  *Bst* 3.0 DNA Polymerase               RNA      57                       29                        9   5    46   8   32   13

The majority of deletions and insertions are 1 to 3 bases long. Overrepresentation of 3-base insertions are due to a triplet repeat element in the DNA-2 amplicon (Figure [6](#F6){ref-type="fig"}).

###### Size distribution of deletions and insertions for second strand synthesis

                                               Deletion size (nt)%   Insertion size (nt) %                           
  -------------------------------------- ----- --------------------- ----------------------- ---- --- ---- ---- ---- ----
  ProtoScript II Reverse Transcriptase   DNA   93                    5                       1    1   90   5    4    1
  M-MuLV Reverse Transcriptase           DNA   90                    6                       1    3   85   9    4    2
  AMV Reverse Transcriptase              DNA   95                    5                       0    0   86   8    3    3
  *Bst* 2.0 DNA Polymerase               DNA   45                    32                      23   0   83   17   0    0
  *Bst* 3.0 DNA Polymerase               DNA   69                    21                      8    1   71   5    10   14

Multi-base indels were considered a single slippage event in our study and as such were counted as a single insertion or deletion event, regardless of the number of bases inserted or deleted. Larger indels (four or more bases) occurred statistically more frequently in first strand synthesis than second strand synthesis, and large deletion events were more common than large insertions in the first strand. We additionally observed large-scale rearrangements in sequencing reads, where each rearrangement was a complex combination of multiple insertions, deletions and substitutions. These large-scale rearrangements were likely generated by template switching during transcription or cDNA synthesis and were excluded from error rate analysis by filtering for sequencing reads of the expected length.

Replication efficiency of reverse transcriptases replicating modified bases {#SEC3-5}
---------------------------------------------------------------------------

In addition to studying the accuracy of modified RNA, we measured the replication efficiency of substituted RNA by reverse transcriptases. By following replication of a 23-mer RNA template using a fluorescently labeled primer, the nucleotide incorporation turnover rate for each reverse transcriptase was determined (Table [5](#tbl5){ref-type="table"}). Substituted RNA containing *N^6^*-methyladenosine was generally replicated less efficiently by ProtoScript II, M-MuLV and AMV reverse transcriptases. Template pseudouridine had no effect on the turnover rate of all three reverse transcriptases, nor did the methylated bases (m^5^C, m^5^U, hm^5^U) for ProtoScript II or m^5^C for AMV reverse transcriptases. Template hm^5^U was least efficiently replicated by ProtoScript II, reducing turnover by more than half that of unmodified RNA. Generally, with ProtoScript II, modifications that were accurately replicated did not affect reverse transcriptase specific activity, and modifications that decreased reverse transcriptase activity also decreased replication fidelity.

###### Replication efficiency of reverse transcriptases on unmodified or modified RNA

  Enzyme                                 Template   min^−1^   SD     Rel. to RNA
  -------------------------------------- ---------- --------- ------ -------------
  ProtoScript II Reverse Transcriptase   RNA        21        ±3.9   1.00
                                         m^6^A      14        ±2.4   0.66
                                         Ψ          22        ±1.6   1.06
                                         m^5^C      18        ±1.0   0.85
                                         m^5^U      20        ±1.9   0.97
                                         hm^5^U     9         ±1.2   0.44
                                                                     
  M-MuLV Reverse Transcriptase           RNA        17        ±1.1   1.00
                                         m^6^A      11        ±0.4   0.63
                                         Ψ          17        ±2.7   1.01
                                                                     
  AMV Reverse Transcriptase              RNA        18        ±1.1   1.00
                                         m^6^A      15        ±1.2   0.86
                                         Ψ          24        ±2.1   1.31
                                         m^5^C      20        ±1.6   1.09

Reverse transcriptase turnover on short RNA, or RNA containing modified bases, and their relative efficiency compared to unmodified RNA. The turnover number (1/min) is the average of 3 independent reactions, with the standard deviation (SD) reported between replicates.

DISCUSSION {#SEC4}
==========

Pacific Biosciences SMRT sequencing was used to measure the fidelity of incorporation and replication of modified and unmodified ribonucleotide bases. In this study, the effect of base modification was determined by normalizing the error rate for modified bases to unmodified RNA for each specific type of substitution. Seemingly small modifications, such as methyl-, hydroxymethyl- and isomeric bases, were found to increase combined RNA polymerase and reverse transcriptase (first strand) error rates.

Studies from DNA polymerases have shown how synthetic modified nucleotides have been used to probe the mechanism of polymerase fidelity (reviewed in ([@B33],[@B34])). DNA and RNA polymerases utilize a steric mechanism (one of several fidelity checkpoints) to ensure correct nucleotide incorporation and accurate genome replication ([@B35]). Similarly, the contribution of size and shape to RNA polymerase and reverse transcriptase fidelity has been probed using non-hydrogen bonding shape analogues ([@B36],[@B37]). In this study, we utilize naturally-occurring nucleotides with small base modifications to probe the effect of different modifications on fidelity. For the C5 position of uracil, a small methyl group had minimal effect on RNA polymerase incorporation and reverse transcriptase replication fidelity. However, increasing the methyl group to add a larger polar hydroxyl group increased first strand errors. The C5 position is also frequently used as the site of attachment of fluorophores or affinity tags for derivatizing dU bases. Groups larger than a hydroxyl may have a greater effect on incorporation and replication fidelity. Indeed, bulky fluorophores reduce incorporation efficiency of wild-type DNA polymerases, and specialized polymerase variants have been created for synthesis of high density fluorescently-labeled DNA ([@B38]). The isomer pseudouridine, which contains a secondary amine at the equivalent C5 position in uracil, did not affect reverse transcriptase fidelity, but produced substitutions errors more frequently during RNA synthesis by T7 RNA polymerase. Misincorporation of pseudouridine by T7 RNA polymerase can have implications for RNA-based therapeutics, as pseudouridine is incorporated into RNA to reduce immunogenicity ([@B6]).

Reverse transcriptase-specific error rates on DNA templates were also determined by analyzing mismatches between the first and second strands. Results from this study can be compared to previously published error rates of reverse transcriptase acting on DNA templates using forward mutation assays. For AMV reverse transcriptase, we determined an error rate of 5.2 × 10^−5^ errors/base in this study, compared to 5.9 × 10^−5^ errors/base in Roberts *et al*. ([@B15]). However, there was a wider discrepancy for the error rate of M-MuLV reverse transcriptase, which was determined to be 8.4 × 10^−5^ errors/base in this study, compared to 3 × 10^−5^ errors/base previously determined using a forward mutation assay with DNA templates ([@B15],[@B17],[@B39]). It is also worth noting that although reverse transcriptase specific error rates could be determined on DNA templates in this study, reverse transcriptase fidelity on RNA templates could be different ([@B16],[@B19]).

Polymerase slippage events, resulting in small insertions and deletions, were also characterized, and were shown to be a small percentage of the overall error rate for non-homopolymer sequence runs. The templates used in this study were artificial sequences designed to avoid homopolymers, which likely reduces observed error rates. In spite of the effort to reduce repetitive sequences, the artificial sequences still contained a particular trinucleotide repeat that was enriched for insertions of the triplet codon after cDNA synthesis. In contrast, this same repeat element did not increase triplet insertion for second strand synthesis, indicating that either T7 RNA polymerase was more prone to triplet insertions at this site during RNA synthesis or reverse transcriptases are more susceptible to insertions at this site when replicating RNA, but not DNA, templates. Both mechanisms are possible and would produce the same result in the current study.

Although reverse transcriptases are frequently utilized in RNA workflows, some DNA-dependent DNA polymerases have intrinsic activity on RNA templates ([@B40]). Utilizing a DNA polymerase for amplifying either RNA or DNA can be advantageous for simplifying molecular diagnostic assay and device development ([@B41]). In this study, we examined two engineered *Bst* DNA polymerase variants with innate reverse transcriptase activity ([@B40],[@B41]) in order to compare their error rates and mutational spectrum to natural reverse transcriptases. Despite a lack of homology between Family A *Bst* DNA polymerase and viral reverse transcriptases, similar first strand error rates and mutational spectra were observed between the disparate polymerases. However, it should be noted that the relative contributions of RNA synthesis and RNA-templated reverse transcription to the overall first strand error rate cannot be determined in the current study and should be taken into account when interpreting results. Specifically, it is unclear whether T7 RNA polymerase and reverse transcriptases have similar or vastly different error rates, making it challenging to compare reverse transcriptase fidelity even on comparable RNA templates. Further characterization of polymerase fidelity by methods that can distinguish between RNA polymerase and reverse transcriptase errors is needed ([@B25]).

In conclusion, we developed a method to assess the relative accuracy of incorporation and replication of modified ribonucleotides and studied the effect of naturally-occurring RNA modifications on frequently used enzymes in biotechnology. Single-molecule next-generation sequencing assays provide comprehensive information on the frequency, type, and sequence context of replication errors and contribute to a better understanding of polymerase accuracy.
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